Abstract: Strawberry fruits are perishable due to fruit softening occurring during storage and marketing, but the mechanism by which this occurs is not clear. In this study, the possible mechanism of softening is explored by comparative studies on the changes of fruit firmness, pectate lyase (PL) activities, and relative expression levels of PL genes between two strawberry cultivars. The results indicate that a method for the determination of PL activity in the strawberry fruit was established. The activity of PL was at a low level in the small green fruit to white fruit stage, and maintained at a high level in the ripening and softening stage. The PL gene was specifically expressed in fruit and mainly in the ripening stage. PL expressions were closely correlated with PL activities, and negatively related with the changes in flesh firmness. The full-length cDNA of PL genes from the two cultivars was cloned using the RACE method. Amino acid residues of C terminal sequences of the PL proteins from different species showed significant variations. Those results suggested that the differences in PL activity, gene sequence, and gene expression patterns may lead to the different roles of PL in different fruit textures of strawberries during ripening and softening.
Introduction
Pectin is one of the main components of the primary wall and middle lamella in plant cells (Cosgrove 2005) . Pectate lyase (PL, EC 4.2.2.2), is an enzyme that catalyzes the eliminative cleavage of (1→4)-alpha-D-galacturonan methyl ester to give oligosaccharides with 4-deoxy-6-Omethyl-alpha-D-galact-4-enuronosyl groups at their nonreducing ends (Marin-Rodriguez et al. 2002) . In plants, it that has been confirmed that PL participates in the degradation of the backbone of pectic polysaccharides during ripening and softening of climacteric fruits such as bananas (Dominguez-Puigjaner et al. 1997; MarinRodriguez et al. 2002 MarinRodriguez et al. , 2003 Payasi and Sanwal 2003; Payasi et al. 2004 ). However, little information is available concerning the role and activity of PL in strawberries during ripening and softening.
Isolation of PL genes has been reported in fruits including strawberry (Medina-Escobar et al. 1997; Benitez-Burraco et al. 2003) , banana (Pua et al. 2001) , and mango (Chourasia et al. 2006) . Further investigation of the expression patterns of PL genes in strawberry ('Chandler') ripening-specific cDNA indicated that the genes might play a role in pectin decomposition (Medina-Escobar et al. 1997) . PlA and PlB, two PL genes cloned in strawberry fruits, demonstrated specific expression patterns during fruit softening (BenitezBurraco et al. 2003) . Comparing with F. ananassa, FcPL1 cloned from F. chiloensis showed a differential expression profile (Figueroa et al. 2008 ). In addition, two PL genes cloned from ripe banana exhibited different expression patterns in the pulp and in the skin (Pua et al. 2001) . Similar findings were observed in ripe mango (Chourasia et al. 2006) . PL expressions were ripeningrelated both in climacteric and non-climacteric fruit from all studies described above. However, the molecular mechanisms underpinning this process remain unclear and further research should be carried out to validate the function of PL in different varieties of fruits.
The objective of this work was to investigate PL activities, PL gene sequences, and expression patterns during development, ripening, and softening of two strawberry cultivars fruits with different firmness levels, and to evaluate the relationship between PL activity and fruit softening. Furthermore, the molecular phylogenetic relationship of PL was used as an approach to reveal the possible role of PL in strawberry softening.
Materials and Methods

Plant materials
Strawberry (Fragaria ananassa) fruits of cultivar Toyonoka, with soft texture, and cultivar Sweet Charlie, with firm texture, were harvested at six characteristic developmental stages: small green fruits (SG), large green fruits (LG), white fruits (W), turning stage fruits (TS), pink fruits (P), and red fruits (R) (Fait et al. 2008) . Additionally, the fruits at the red fruit stage kept at room temperature for 24 h and at 4°C for 24 h, 48 h, and 72 h were also used. After sampling, fruits were preserved at −20°C for further determination of PL activities. For gene cloning, red fruits were used for RNA extraction. Gene expression analysis was performed on fruits at the SG, LG, W, P, and R stages and on plant tissues including root, leaf, and flower. The samples were frozen quickly in liquid nitrogen and stored at −80°C.
PL activity assay
The activity of PL was assayed using the method described by Pitt (1988) , with slight modifications. Briefly, 5 g of fruit sample was homogenized with 5 mL 0.02 mol L −1 Na-Pi buffer as the grinding medium supplemented with cysteine-HCl and Triton X-100, then centrifuged at 9000g for 15 min at 4°C. The supernatant was transferred to a new tube, and (NH 4 ) 2 SO 4 was added gradually to this tube with constant stirring to meet 90% saturation at 4°C and stored for 4 h, after which the suspension was centrifuged under the same conditions for 15 min. The pellet was resuspended in 0.1 mol L −1 Na-Pi buffer (pH 7.0), refrigerated at 4°C overnight, and used as a crude enzyme extract. For the activity assay, 1.5 mL of crude enzyme extract was combined with 1. NaOH was added to terminate the reaction. The solution was then centrifuged at 8000g for 15 min, and 2.5 mL of supernatant was combined with 1.5 mL of 0.04 mol L −1 thiobarbituric acid (TBA), 0.75 mL of 0.1 mol L −1 HCl and 0.25 mL H 2 O and boiled in a water bath for 30 min. The absorbance was measured after cooling at room temperature. After supplementing the supernatant with ZnSO 4 and NaOH, 2.5 mL of liquid was taken, diluted into 5 mL and was used for control level normalization adjustment. The absorption spectrum of 400-600 nm was scanned by SPECORD ® 50 PLUS UV-vis spectrophotometer (Jena, Germany). Absorbance (OD) of 500, 532, and 550 nm was recorded. The increase in absorbance of 0.01 was recorded as 1 unit for PL activity. Each sample was tested in triplicate.
To study the effect of calcium ions on PL activity, CaCl 2 and EDTA solution were added to the sample solutions at a final concentration of 0.
CaCl 2 , 0.8 mmol L −1 CaCl 2 , and 5 mmol L −1 EDTA, respectively. Then the absorbance at 500 nm was measured. Each sample was tested in triplicate.
Gene cloning
Total RNA was isolated using the TRIzol kit (Invitrogen, USA) according to the manufacturer's instructions. By applying the extracted total RNA as the template, cDNA was synthesized according to the operating procedure of the SMART ™ PCR cDNA Synthesis Kit (Clontech, USA). After the reverse transcriptase was inactivated, the solution was diluted 50 times with sterile ultrapure water and stored at −20°C.
Taking cDNA as a template, the 5′and 3′cDNA ends were amplified using the Clontech SMART ™ RACE cDNA amplification kit. According to the expressed sequence tag (EST) ALB_Contig26 of PL in suppression subtraction hybridisation (SSH) libraries in our laboratory (Zhou et al. 2013) , gene specific primer (GSP) sequences were designed using Oligo7.57 (DBA Oligo) and synthesized by Sangon (Shanghai, China). GSP sequences and universal primer (UPM) sequences are shown in Table 1 . The primer of UPM was pooled from 0.4 μmol L −1 of 45 bp sequences and 2 μmol L −1 of 22 bp sequences. The PCR reaction system was 50 μL: 25 μL of 2xTaq PCR master Mix, 20 μL of H 2 O, 1 μL of cDNA, 2 μL of UPM, and 2 μL of GSP-PL3 or GSP-PL5. The reaction program is described below: initial denaturation at 94°C for 10 min; 40 cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 3 min; and a final 10 min extension at 72°C. PCR products were analyzed by 1% agarose gel electrophoresis, target fragments were recycled and then T/A cloning carried on with pUCm-T vector. DNA was sequenced by Sangon (Shanghai, China).
Quantitative real-time PCR
RNA was extracted using a TRIzol kit (Invitrogen, USA) and the cDNA synthesized using an AMV First Strand cDNA Synthesis Kit. After diluting 8 times, cDNA sample analysis was carried out on a Real-Time PCR System. FaACTIN (accession number: AB116565) was used as a housekeeping gene in strawberry and served as the internal control gene. Primers of FaACTIN and PL are shown in Table 1 . Each sample was analyzed in triplicate. Conditions of the Real-Time PCR system were an initial denaturation at 95°C for 2 min, 40 cycles of 95°C for 10 s and 60°C for 40 s. Serial dilutions of samples were used to construct a standard curve, 1 time, 5 times, 25 times, 125 times, and 625 times, respectively. The relative expression levels of PL expression were converted from the CT values.
Phylogenetic analysis of PL in strawberry
The strawberry PL cDNA sequence which had been cloned was used for BLAST alignment at NCBI (http:// www.ncbi.NLM.NIH.gov/) to retrieve the high homology PL sequences. The value of E ≤ 10 −10 served as the threshold to check whether or not it was PL gene. From the BLAST results, amino acid sequences of PL gene in F. chiloensis, Mangifera indica, Manilkara zapota, Vitis vinifera, Arabidopsis thaliana, Musa acuminata, Malus domestica, Prunus mume, Prunus persica, Solanum lycopersicom, and two strawberry cloning PL genes were chosen to construct the phylogenetic trees using MEGA 5.2 software. The specific preferences were established as shown below. The Neighbor-joining model was selected and used with Poisson model correction and repeated 1000 times by the Bootstrap test.
Results
Effects of different extraction buffer on PL activity
The effects of different concentrations of cysteine-HCl and Triton X-100 in the Na-Pi extraction buffer on the activity of PL were compared in the experiments ( Table 2 ). The results showed that absorbance at 500 nm (OD 500 ) was greater than the value of OD 532 and OD 550 when extraction buffer was added 0.02 mol L −1 cysteine-HCl or 0.05 mol L −1 cysteine-HCl. The different concentration of cysteine-HCl at 0.02 mol L −1 and 0.05 mol L −1 had no significant effects on absorbance. In the extraction buffers supplemented with 0.5%-1.5% Triton X-100, all the values of absorbance tended to be higher than the control, especially when supplemented with 1.0% Triton X-100. At the same time, the combination of 0.05 mol L −1 cysteine-HCl and 1% Triton X-100 could significantly improve the absorbance. Therefore, the optimum conditions to extract PL activity of strawberry fruits were obtained when the homogenizing medium was supplemented with 1% Triton X-100 in 0.02 mol L −1 Na-Pi buffer ( Table 2 ). The absorption spectra curve of PL activity determination from strawberry fruits was recorded as shown in Fig. 1 . There were two absorption peaks of strawberry PL at around 450 nm and 500 nm between 400 nm and 600 nm wavelengths. The highest absorption peak was at around 500 nm. Subsequently, the absorbance was shown to dramatically decrease. According to the results, absorbance at 500 nm was chosen to measure PL activity (Fig. 1) . To the best of our knowledge, this is the first report of the determination of the PL enzyme activity in strawberry fruits.
Effect of Ca 2+ on PL activity assay
Previous studies have suggested that PL activity is dependent on the concentration of calcium ions 
Symbol
Sequence (5′-3′) cysteine-HCl + 1% Triton X-100 0.399 0.240 0.075 (Collmer et al. 1988; Burns 1991) . On account of determining the influence of calcium ions on strawberry PL activity, we supplemented different concentration of CaCl 2 into the reaction solution. The results indicated that supplementation of 0.2-0.8 mmol L −1 CaCl 2 had a positive effect on absorbance. There were no significant differences amongst three different concentrations of CaCl 2 . However, absorbance was shown to decrease when supplemented with 5 mmol L −1 of EDTA (Fig. 2) .
Changes in firmness and PL activity during fruit ripening and softening
Firmness is an important index of fruit texture and storability, and its changes accompanied with fruit ripening and softening. Toyonoka fruit with soft flesh was much softer after ripening than Sweet Charlie fruit with hard flesh. The firmness of Toyonoka fruits was only 54.5% that of Sweet Charlie fruits at the red fruit stage (Zhou et al. 2015) .
The changes of PL activity in Toyonoka during fruit ripening and softening were consistent with PL activity in Sweet Charlie. PL activity increased gradually with fruit ripening. At the red stage, the value of PL activity reached the peak, after which it remained at a higher level until complete fruit softening (Fig. 3) . In Toyonoka fruits, PL activity was very low from the small green stage to the white fruit stage and was undetectable at the turning stage. The PL activity in Toyonoka increased rapidly to its peak level at the red stage of fruit ripening and was maintained at a higher level in the post-harvest softening period. PL activity of Toyonoka fruit exhibited the same trend when it was stored at 4°C. In Sweet Charlie fruits, PL activity was detected at the early development stage, increased gradually with ripening of the fruit, and remained at a higher level throughout fruit softening. PL activity of Toyonoka was much higher than Sweet Charlie at the pink stage and the red stage and 4°C for 48 h or 72 h during ripening and softening (Fig. 3) . All the results above showed that PL activity was maintained at a higher level during fruit ripening and softening both in the softer and firmer cultivars. These results were different from respiration climacteric fruit in which PL activity of banana increased gradually in the climacteric period, reaching a peak at the maximum rate of respiration and then gradually declined with reducing of respiration (Payasi et al. 2009 ).
PL cloning and sequence analysis
ALB_Contig26 as a 337 bp fragment of PL was separated from the SSH library. GSP-PL5 and GSP-PL3 primers were designed based on ALB_Contig26. 3′ end and 5′ end were propagated by using RACE method (Fig. 4) . After assembly, PL cDNA of 1 476 bp in Sweet Charlie was obtained and named FaSCPL. It contained a full open reading frame (ORF) of 1 326 bp encoding 441 amino acids. PL obtained from Toyonoka was named FaTPL of 1 476 bp length and contained a full ORF of 1 347 bp encoding 448 amino acids (Fig. 5) . The result of BLAST showed that the encoding box in ORF of FaTPL was shifted backwards because of a 4 nucleotides deletion sequence compared with FaSCPL and leaded to extra 7 amino acids in FaTPL. This might be responsible for the large difference in the C-terminal region of the protein between FaSCPL and FaTPL (Fig. 5) .
After comparing the similarity of FaSCPL and FaTPL with other strawberry cultivars (NCBI accession number: U63550, DQ076243) namely F. chiloensis (EF441273) and F. vesca (XM_004290184), the difference in nucleotide sequences was found on the 5′-UTR and 3′ ends of the ORF. Changes in 3′ end of the ORF led to different lengths of amino acid sequences. In the surveyed Fig. 1 . Absorption spectra curves of reaction products of PL activity determination from strawberry fruits. Fig. 2 . Effects of calcium ions on PL activity from strawberry fruits. Note: Data are mean ± SD (n = 3). The absorbance values were measured at 500 nm. strawberry varieties, the length of PL was between 405 and 447 amino acids. This could be the main reason for polymorphism in strawberry varieties. FaTPL of 447 amino acids had 98% similarity with the PL sequence of F. vesca (XM_0042900232).
BLAST analysis was performed on the cDNA sequences of FaTPL and FaSCPL in the F. vesca genome database (http://www.phytozome.net/). FaSCPL and FaTPL matched gene 17555-v1.0-hybrid, which was assigned to No. 2 chromosome. The gene was 3 784 bp in length, located in 12 033 155-12 036 938 bp, and consisted of 7 exons and 6 introns, with a 1 344 bp coding region encoding 447 amino acids.
PL expression during strawberry fruit development and ripening
The PL gene was expressed specifically at the mature stage of fruits. The trends of PL expression in Toyonoka and Sweet Charlie were similar during fruit development and ripening (Fig. 6) . The relative expression levels of PL genes increased rapidly with fruit ripening and reached a peak at the pink stage, then markedly declined. These result indicated that PL had a relationship with fruit softening process.
Phylogenetic analysis of PL
The amino acid sequences of FaTPL, FaSCPL and PLs (from NCBI) were used to construct phylogenetic trees (Fig. 7) . FaSCPL, FaTPL, and PLs in F. chiloensis, Mangifera indica, Manilkara zapota were clustered on one clade. PLs of Vitis vinifera, Arabidopsis thaliana, Musa acuminata, Malus domestica, Prunus mume, and Prunus persica were gathered on another clade. While PL of Solanum lycopersicom was in the third clade alone. The different structure of PL was shown to account for the different functions of PL in various clades in phylogenetic analysis. Therefore, the functions of PL in strawberry fruit softening might be different from the climacteric fruit including bananas (Musa acuminata) and tomatoes (Solanum lycopersicom).
Discussion
PL makes a contribution to the degradation of pectin and fruit ripening and softening (Dominguez-Puigjaner et al. 1997; Marin-Rodriguez et al. 2002) . It was of significance to carry out comparative analysis of PL activity and PL gene expression during strawberry fruit ripening. The conclusion is helpful to further define the role of PL. It is difficult to detect PL activity for strawberry fruit tissues which have a lot of polyose and phenols. Determining a reproducible and accurate method of PL activity required investigation. This study initially established a method of determination through referencing the method of Payasi and Sanwal (2003) (described for banana). Our results set up an extraction buffer as supplementing 1% Triton X-100 with 0.02 mol L −1 Na-Pi. Calcium ions had no significant influence on absorbance of PL activity determination. The absorbance of detection changed with wavelength. Pitt used the absorbance at 500 nm to detect PL activity of Phoma medicaginis (Pitt 1988 ) and this method (TBA method) was extensively referenced to examine the PL activity. PL activity of the banana was successfully determined by this method at 550 nm (Payasi and Sanwal 2003) . At the same time, another study reported that PL activity in banana could also be measured at 540 nm (Marin-Rodriguez et al. 2003) . The PL enzyme reaction product combined with TBA generates colored compounds which have an absorption peak at 545-550 nm and we could detect the PL activity within this wavelength range (Collmer et al. 1988) . However, in this study it is reported for the first time that the absorption diagram of PL in strawberry fruit showed an absorption peak at 500 nm.
In our results, the activities of PL were low during the immature stages of the two cultivars with different texture characteristics. During fruit ripening and softening, PL activity was maintained at a higher level and the tendency of PL activity was opposite to the changes in fruit firmness. The results indicated that PL had a close role in the softening of strawberry fruits related to pectin decomposition which was also validated by gene expression patterns of PL. In the ripening and softening stages, the PL activities and gene expression levels in the fruits of soft cultivar Toyonoka were much higher than those of firm Sweet Charlie fruits, which further provide evidence for the role that PL plays in softening of strawberries. The trends of PL activity and PL expression in Toyonoka and Sweet Charlie were similar prior to the pink stage. The highest expression levels of PL at the pink stage made contributions to the maximum activities of PL at the red stage. The expression of PL rapidly decreased at the red stage, whilst the activity of PL still remained at a high level. These findings could potentially lead to the following suggestion: FaSCPL or FaTPL was not the unique gene encoding the PL enzyme and other PL genes might also be involved in the fruit softening process. Comparing the correlation between PL activity and PL expression, it can be inferred that FaSCPL or FaTPL might be the main genes coding PL enzyme in PL gene family.
During fruit ripening and softening, the activity of PL was different between non-climacteric strawberry fruit and climacteric banana fruit. The activity of PL in banana fruits increased gradually during the respiratory climacteric period and reached a peak level along with the respiratory climacteric peak. Subsequently, the degree of fruit softening gradually declined with decreasing respiration (Marin-Rodriguez et al. 2003; Payasi and Sanwal 2003) . Furthermore, the activity of PL was regulated by ethylene in banana fruit (Payasi et al. 2004 ). The analysis of molecular evolution also showed that the role of PL in non-climacteric strawberry fruit might be different from climacteric fruit, such as banana and tomato.
The role of PL in fruit firmness was further demonstrated by transgenic strawberries with transformation of antisense PL (Jiménez-Bermúdez et al. 2002; Sesmero et al. 2007 ). The transgenic fruits containd less pectin and were firmer while the softening process during fruit ripening was significantly delayed. Histological observation revealed smaller intercellular spaces and larger contact areas between adjacent cells in transgenic fruits (Santiago-Doménech et al. 2008; Youssef et al. 2009 ). These alterations had a positive effect on fruit firmness and in the maintenance of cell structure, therefore, PL can be considered as a key candidate gene to increase firmness and prevent fruit softening (Jiménez-Bermúdez et al. 2002; Qian et al. 2009 ). FaSCPL and FaTPL isolated from Sweet Charlie and Toyonoka respectively, may contribute to the functional identification of PL through the genetic transformation system.
In strawberries, several genes encoding PL were obtained. plC was first isolated from the cDNA library of fruit in Chandler (Medina-Escobar et al. 1997) and encoded 396 amino acids which was negatively regulated by auxin. The expression pattern of plC indicated that it might be associated with pectin degradation during the fruit softening process. Two other genes encoding PL, plA, and plB were also isolated from the genomic DNA library of strawberry (Benitez-Burraco et al. 2003) . Further analysis of the structural features of plA and plB revealed that both genes contain 6 introns and 7 exons, encoding 451 and 439 amino acids respectively. The structural features of two genes were different from plC, and the spatio-temporal expression profiles were not the same with plC. The expression pattern of FcPL1, cloned from F. chiloensis, was different to that of FaPL from F. ananassa (Figueroa et al. 2008) . Five PL subtype sequences (DQ076239, DQ076240, DQ076241, DQ076242, and DQ076243) were isolated from strawberry cultivar 'Elsanta'. These sequences could code 405 amino acids with a maximum of 5 amino acids differences between each other (Draye and Van Cutsem 2008) . The differences in amino acids could lead to the differential functions of the isozymes within the process of fruit ripening and softening. In this study, FaSCPL and FaTPL were cloned from the fruits of Sweet Charlie and Toyonoka, respectively. Compared with other PL amino acid sequences, the polymorphism belonged to the different species (varieties) because of C-terminal of amino acid sequence difference in two genes.
In summary, this study reported several lines of evidence concerning the role of PL in strawberry fruits. It could be assumed that the differences in PL activity, gene sequence and gene expression pattern may be at the basis of different roles and action of PL in various strawberry varieties differing in fruit texture.
